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 1. INTRODUCTION 
 
In 2001 the HART II test [1] was performed in the LLF of 
the DNW using a hingeless Bo105 40% Mach scaled and dy-
namically scaled model rotor in order to add all wake data to 
the comprehensive data base of HART I from 1994 [2]. The 
HART II data range from rotor balance forces and moments 
including rotor power, blade root pitch angles and blade pres-
sure measurements allowing the computation of sectional air 
loads at a radial position of r/R = 0.87.  
The blade motion was optically measured by means of ste-
reo pattern recognition (SPR) of markers located at the bottom 
of the fuselage and all along the span of the rotor blades from 
r/R = 0.228 to 0.993 at 18 radial stations, allowing the com-
putation of elastic flap, lead-lag and torsion along span and 
azimuth. Microphones below the rotor recorded the noise ra-
diation in a plane ranging ±2R in stream-wise and ±1.35R in 
lateral direction relative to the hub center. In addition, stereo 
particle image velocimetry (3C-PIV) was applied to trace the 
blade tip and secondary vortices from their origin downstream 
until leaving the rotor disk. 
After several years of data analysis and analysis tools de-
velopment like conditional averaging procedures for PIV [3], 
blade motion analysis [4], blade pressure and microphone data  
[5] the code validation phase has started. At DLR Institute of 
Flight Systems, since long an isolated rotor code named S4 
was used for simulation purposes to support wind tunnel test-
ing as well as for prediction of new actuation concepts and 
their benefits on rotor vibration, noise and performance [6]. It 
is applied here to HART II data from the BL case. 
In addition, in 2005 some hover data including very high 
resolution PIV were added within the HOTIS test [7]. The 
HART II data are available to the rotorcraft community within 
the framework of the International HART II Workshop [8]. 
 
2. TEST CONDITION AND MODEL DATA 
 
The test condition is a 6deg descent flight at moderate 
speed that is known to generate a lot of BVI noise. Rotor ge-
ometry and operating condition are provided in Table 1. The 
reference blade was equipped with 17 pressure transducers at a 
radial section of r/R = 0.87 as illustrated in Figure 1. 
The chord-wise integration of the pressure distribution al-
lows computing the sectional air loads in terms of the normal 
force coefficient CnM2 that can be directly compared to simu-
lation code data. Also, the measured span-wise and azimuthal 
blade deflections can directly be compared to simulation re-
sults. 
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Figure 1: Pressure sensor distribution, r/R = 0.87. 
Table 1: Rotor geometry and operating condition. 
radius R                2m 
chord (rectangular) c/R                  0.0605 
main bolt location r/R 0.075 
root cutout ra/R             0.2 
radius of zero twist rtw/R 0.75 
airfoil NACA 23012 
tab width Δx/R 0.0025 
number of blades Nb 4 
pre-twist (linear) Θtw -8deg 
pre-cone βp 2.5deg 
pre-lag ζp 0deg 
rotational frequency Ω 109rad/s 
shaft angle αS 5.3deg 
tunnel interference Δα -0.8deg 
advance ratio μ = Vcos αS / (Ω R) 0.151 
rotor loading CT/σ 0.057 
hub moments CMx, CMy 0.0 
 
In addition, wake positions determined by PIV analysis are 
also compared to the basic Beddoes wake geometry imple-
mented in the S4 code. Finally the comparison can also be 
made for noise radiation in terms of the noise carpet plots. 
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3. S4 ROTOR CODE 
3 .1 Blade model and rotor trim 
Elastic blades are represented within S4 as a sum of mode 
shapes in all degrees of freedom separately. Such, there are 
flap, lead-lag and torsion modes ideally separated from each 
other. Couplings from flap to torsion exist as much as any 
offset of the mass axis from the elastic axis creates a forcing 
moment, and from flap to lead-lag via Coriolis forces. The 
mode shapes are obtained from a finite element code that is 
run prior to any simulation. The mode shapes obtained for the 
HART II rotor are given in Figure 2. It must be noted that the 
boundary conditions at the main bolt are for flap and lead-lag 
a rigid connection, i.e. no deflection and no slope. In torsion, 
however, the condition at the bearing is a spring representing 
the control stiffness such that the mode already has a deflec-
tion right from the beginning that depends on the mode num-
ber. 
 
Figure 2: First 3 flap (top), 2 lead-lag (middle) and 2 tor-
sion (bottom) mode shapes of the Bo105 model rotor blade. 
During the simulation, the mode shapes are subjected to the 
generalized aerodynamic forces and generalized coupling 
forces from other modes like flap-torsion and flap-lag. The 
dynamic response problem is solved by means of time integra-
tion using Runge-Kutta of fourth order at a time step of 2deg 
in azimuth. An automatic trim algorithm varies the collective 
and cyclic control angles until the trim goal (here thrust and 
moments) is obtained with sufficient accuracy. The computa-
tion is made with account for tunnel interference. 
3 .2 Aerodynamic model 
An unsteady two-dimensional semi-empirical aerodynamic 
model is used within S4 that is based on an analytical descrip-
tion of aerodynamic coefficients [9]. This covers positive and 
negative stall, compressibility and yaw effects. The unsteady 
flow conditions are separated with respect to their origin: one 
part is due to airfoil motion (all solid body motion, i.e. rotation, 
control, flexibility motion) and the other is due to the gust 
problem, i.e. containing wake velocities. 
Different transfer functions are needed to account for the 
unsteady effects. The effective angle of attack is computed 
based on arbitrary motion theory with transfer functions re-
lated to both problems separately, i.e. in the incompressible 
case these functions are the Wagner functions for the body 
motion part, and the Küssner function for the gust part. Also, 
the unsteady motion has an effect on the stall incidence, but 
this is not effective here. In addition, the unsteady effects of 
periodic variations of the free-stream are accounted for [10].  
 
3 .3 Wake model 
For computation of the induced velocities a modified ver-
sion of Beddoes generalized wake geometry [11] is incorpo-
rated in the S4 code. These modifications are allowing for 
multiple trailers with different radial vortex release positions, 
which are computed based on the resulting blade bound circu-
lation distribution. In the near wake, the entire array of trailed 
vortices is retained for the first 45deg of azimuth behind the 
trailing edge of the generating blade, then only the root, tip 
and eventually additional secondary trailed vortices are kept 
for the rest of the wake.  
1 
2 3 
As an essential modification the higher harmonic rotor 
loading distribution is accounted for in as much as this causes 
additional vertical deflections of the wake system [12], which 
is mainly important at active control conditions with large 
loading variations. The core radius model is based on data 
from the HART II test and represents an average of core 
growth measured. 
 
4. RESULTS 
 
4.1 Blade loading 
 
Figure 3: Steady radial loading distribution. 
First, the steady part of the radial blade loading distribution 
in terms of blade circulation is compared to HART I and 
HART II data in Figure 3. It can be seen that HART II data are 
quite close to HART I data, i.e. the same thrust was obtained. 
Also, S4 loading is quite similar to HART I data, except for a 
higher loading right at the blade tip. 
The dynamic loading in terms of CnM2 time history is 
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compared next in Figure 4. First, the fundamental 2/rev oscil-
lation is nicely predicted, and also the BVI location and mag-
nitude on the retreating side is perfectly matched. On the ad-
vancing side some discrepancies can be seen, but again the 
location of BVI as well as its magnitude appears to be quite 
acceptable. 
 
Figure 4: Section loading at r/R = 0.87. 
The BVI locations within the rotor disk can best be viewed 
by means of the high pass filtered leading edge pressure dis-
tribution of the experimental data, and be compared to the 
high pass filtered loading distribution of the simulation. This 
is allowed since the leading edge pressure fluctuation is the 
source of high frequency loading. It is also only meant for a 
qualitative comparison of BVI locations and its intensity. This 
comparison is done in Figure 5. Despite some differences in 
the radial and azimuthal interaction geometry the simulated 
BVI locations are quite well predicted. 
 
 
Figure 5: BVI locations in the rotor disk. Top: HART II 
leading edge pressure distribution, bottom: S4 loading. 
4.2 Blade tip deflection 
 
The blade tip deflection was measured using SPR method 
for all four blades. Thus, the blade-to-blade variation can be 
investigated. This is shown in Figure 6, where the symbols 
mark the HART II data and the red line the S4 result, which is 
nicely reflecting the steady and 1/rev variation as well as the 
small higher harmonics on top of it. It must be noted that the 
measurement accuracy is within the line thickness and the 
airfoil thickness which is 0.726 of the scale. So in general 
there are very small deflections at all. However, it can be seen 
that all blades do have a different offset (meaning they carry a 
different mean lift), but the same dynamics. 
 
Figure 6: Blade tip deflection in flap. 
The other important deflection is the blade torsion since it 
is directly affecting the blade loading. This is shown in Figure 
7 and compared to the S4 result. In torsion, the measurement 
accuracy is 0.5deg. With respect to this the S4 simulation is 
quite acceptable since it correctly represents the steady torsion 
and the 2/rev oscillation on top of it. 
 
Figure 7: Blade tip deflection in torsion. 
4.3 Noise radiation 
 
The unsteady airloads on the rotor blades produced by S4 
are used as input for a FWH-equation based code APSIM with 
thickness and loading terms only to analyse the noise radiation. 
For the incompressible flow considered in this study, quadru-
pole noise contribution is assumed to be negligible. The cal-
culations, performed in the time domain, deliver a pressure 
time history at any desired observer location. This is Fourier 
analysed to arrive at the acoustic spectrum. A more detailed 
description of the approach is available in [13] and [14]. 
The noise radiation is the most critical part of code valida-
tion since it is extremely sensitive to any differences in BVI 
locations and the loading, especially time gradients of the 
loading at these. A comparison of BVI related loading and its 
time gradients on the advancing side between azimuth angle 
ranges of 40 and 65 deg. at r/R = 0.87 are given in Figure 8. 
S4 results are available at 2deg time steps (star symbols), 
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Figure 8: BVI loading on the advancing side, r/R = 0.87
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Figure 9: HART II mid-frequency noise level. 
      
 
 
while experimental data are at 0.176deg time steps and thus at 
a significantly higher resolution. Therefore, S4 results in its 
original resolution cannot correctly provide the signature 
around the peaks.  
To circumvent t
ng a local spline fit to a resolution of 0.25deg. This spline 
fit is using four consecutive data samples, fitting a polynomial 
of 3rd order to these, and analytically compute 7 additional 
points in between the two central points of the fit. This pro-
vides a smooth distribution with exactly the data of the 2deg 
resolution, interpolated to 0.25deg. 
As can be seen the magnitude an
ntal data are well simulated, although a phase difference of 
about 4deg in azimuth is existing, which represents about one 
chord length offset in wake vortex position. 
, 
high pass filtered. O: HART II data; *: S4 (2deg); Δ: S4, 
interpolated. Top: time history, bottom: time derivative. 
Next, the HART II data for the noise carpet (BVI 
d-frequency noise level) is shown in Figure 9. There is a hot 
spot with just 114dB on the advancing side and a second one 
with just 112dB on the retreating side. 
These are now compared to the S4 results, based on the 
non-linear interpolated loading data as just explained. The 
result of the acoustic post-processing by APSIM is given in 
Figure 10. The color scales may not be compared since they 
are different in these figures, but the dB level at the contour 
lines should be taken as reference. Also, the x scale is opposite 
in these graphs due to different sources.  
However, the important parameter is the distribution of dB 
levels and the directivity of the noise. The general distribution, 
i.e. directivity, is predicted well, and the absolute dB levels at 
the peak intensities are correct on the retreating side (112dB), 
and on the advancing side (114dB). For this kind of compre-
hensive code this appears quite reasonable and it can be an-
ticipated that only with free-wake modeling a better result can 
– but not must – be obtained.  
The lower noise levels sepa
riment are partly caused by the sting support which was 
covered by non-reflecting foam and is not present in the simu-
lation which does not include such a device. 
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Wake positions were d
alysis. The coordinates of the vortex centers found within 
the PIV velocity vector maps, together with the coordinates of 
the PIV frame in the wind tunnel and the hub center in the 
same coordinate system, define the vortex position with re-
spect to the hub center. At y/R = 0.7 the vortex was traced 
downstream on the advancing side from its creation behind the 
trailing edge until leaving the disk. The same data can be ob-
tained from the prescribed wake used within the S4 code. In 
addition, the blade tip was measured by SPR (see Figure 6) 
and its positions at the front of the disk (135deg azimuth) and 
at the rear (45deg azimuth) for this lateral position can be 
extracted. The wake trajectory must fit to the blade position 
where it was created. 
The results are also
ometry in order to get a feeling for the wake geometry up-
grades in the S4 code. All these data are put together in 
Figure 11. On the advancing side, the vortex passes high 
above the disk in the second quarter (x<0), but then quickly 
convects downwards (x>0) and passing the blade tip path 
plane at about x/R = 0.75 to generate BVI in the vicinity of 
this location, which can be seen also in Figure 5. 
The magnitude of vertical convection is not 
 S4 code, however, the location of BVI is predicted quite 
well. For comparison, Beddoes wake geometry is given also 
and it can be seen that the add-ons in the S4 wake geometry 
due to rotor loading distribution appear to have a correct trend. 
The retreating side at y/R = -0.7 is shown as well. Again 
 magnitude of vertical convection is not predicted correctly, 
but the BVI location is acceptable. It is remarkable that the 
original Beddoes geometry is matching the BVI location at 
both sides in a similar quality, just the vertical wake deflection 
magnitude is significantly below the S4 results. 
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y/R = -0.7 (bottom). 
Figure 11: Wake trajectories at y/R = 0.7 (top) and 
5. CONCLUSIONS 
 
This code valid apabilities of to-
da
fully elastic blades in flap and torsion 
separating for rigid 
- r fundamental effects of 
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